Background. Somatic stem cell (SC) therapy can improve cardiac performance following ischemic injury. In this study, we investigated whether induced pluripotent SC-derived cardiomyocytes (iPS-CMs) are more effective than somatic SCs, such as skeletal myoblasts (SM) and mesenchymal (M)SCs, in promoting functional recovery upon transplantation in a porcine model of myocardial infarction. Methods. Myocardial injury was induced by ameroid ring placement in immunosuppressed female mini pigs; after 1 month, epicardial cell transplantation was performed with iPS-CMs (n = 7), SMs (n = 7), and MSCs (n = 7). Control pigs underwent sham operation (n = 8). Results. Cell therapy improved functional recovery 2 months after myocardial infarction, as evidenced by increased ejection fraction (iPS-CM, +7.3% ± 2.2% and SM, +5.8% ± 5.4% vs control, −4.4% ± 3.8%; P < 0.05). The analysis of regional contractile function in the infarcted zone revealed an increase in transverse peak strain (iPS-CM, +4.6% ± 2.2% vs control, −3.8% ± 4.7%; P < 0.05). The C-11 acetate kinetic analysis by positron emission tomography showed that the work-metabolic cardiac energy efficacy increased by the transplantation of iPS-CMs, but was reduced by the other cell types. This was accompanied by decreased myocardial wall stress in the infarcted zone (iPS-CM, −27.6 ± 32.3 Pa and SM, −12.8 ± 27 Pa vs control, +40.5 ± 33.9 Pa; P < 0.05). Conclusions. The iPS-CM is superior to other somatic cell sources in terms of improving regional contractile function and cardiac bioenergetic efficiency, suggesting greater clinical benefits in severely damaged myocardium.
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(Transplantation 2019;103: 291-298) T he heart was formerly considered as a terminally differentiated organ lacking regenerative capacity. The discovery of endogenous cardiac progenitor cells and reports of low turnover of existing cardiomyocytes (CMs) have altered this view. 1 However, the adult heart tissue cannot replace myocytes that are lost after injury as tissue regeneration occurs very slowly. Accordingly, a significant loss of myocardium due to ischemic injury or disease can lead to progressive heart failure. 2 Despite pharmacological advances, including the development of beta blockers and renin angiotensin system inhibitors, the treatment for refractory heart failure remains a challenge.
Cell-based therapy using adult stem cells (SCs) offers the possibility to restore cardiac function. [3] [4] [5] However, there is an ongoing debate regarding the optimal cell source for cardiac repair. Embryonic SC-derived CMs may be suitable in small animal models. 6, 7 However, to the best of our knowledge, no study has compared the CMs and other types of somatic SC in terms of their effectiveness for cell-based therapy. Induced pluripotent SCs (iPS) with the ability to differentiate into CMs have recently been developed. 8, 9 They provide an unlimited cell source to repair damaged cardiac tissue without ethical concerns. 10, 11 In this study, we investigated whether iPS cell-derived CMs (iPS-CMs) are superior to other types of somatic cells, such as skeletal myoblasts (SMs) and bone marrow-derived mesenchymal (M)SCs, in terms of promoting functional recovery and cardiac bioenergetics in a porcine model of myocardial infarction (MI).
MATERIALS AND METHODS

Generation of Cell Sheets
The iPS-CMs used in this study were previously developed. 12 The human MSCs (Lonza Japan, Tokyo, Japan) and human SMs (Lonza Japan) were cultured according to the instruction of the manufacturer. The cells were cultured at 1 Â 10 7 /dish in a 100-mm culture dish (UpCell; CellSeed, Tokyo, Japan) whose surface was coated with a temperature-responsive polymer (poly-N-isopropylacrylamide). After 1 week, the dishes were transferred to a 20°C incubator, which caused the cells to spontaneously detach as a scaffoldfree cell sheet. Ten cell sheets each containing 1 Â 10 8 cells were prepared from each animal.
Porcine Model of Ischemic Injury and Cell Transplantation
The Animal Care Committee of the Osaka University Graduate School of Medicine approved the experimental protocol ( Figure S1 , SDC, http://links.lww.com/TP/B613). All procedures involving animals were performed according to the animal use guidelines of the University of Osaka and were consistent with the National Institute of Health's Guide of the Care and Use of Laboratory Animals (National Institutes of Health publication no. 85-23, revised 1985). Myocardial infarction was induced in adult female CLAWN miniature porcine (weighing 18-25 kg; Kagoshima Miniature Swine Research Swine Center, Kagoshima, Japan) by fitting an ameroid constrictor to the proximal left descending coronary artery; the detailed procedure can be found in SDC, Materials and Methods, http://links.lww.com/TP/ B613. One month after MI, the animals were randomly assigned to 1 of the 3 cell therapy groups-iPS-CM (MI with 1 Â 10 8 iPS-CMs; n = 7); SM (MI with 1 Â 10 8 SMs; n = 7); and MSC (MI with 1 Â 10 8 MSCs; n = 7)-or a control group (MI with sham operation; n = 8). The cell sheets were placed to cover the infarcted and surrounding border areas. The animals in the control group underwent the same surgical procedure, except for cell sheet placement. As transplanted cells were derived from human tissue, the animals were injected with the following immunosuppressants: tacrolimus (5 mg during the operation), followed by a tripledrug regimen of tacrolimus (1 mg/kg per day), mycophenolate mofetil (500 mg/d), and corticosteroids (20 mg/day as a food supplement).
Cardiac Contractility, Left Ventricle Hemodynamics, and Histological Assessment
The cardiac function was evaluated by magnetic resonance imaging (MRI) and echocardiography as summarized in SDC, Materials and Methods, (http://links.lww.com/TP/ B613). The MRI was performed with a 1.5-T clinical scanner (Signa EXCITE XI TwinSpeed 1.5 T v.11.1; GE Healthcare, Milwaukee, WI). The infarcted area was visualized by delayed enhancement. An infarcted zone (IZ)/lateral border zone (BZ)/remote zone (RZ) segmentation scheme was used to analyze regional function, with IZ, BZ, and RZ defined in the delayed enhancement images ( Figure S2 , SDC, http:// links.lww.com/TP/B613). Echocardiography was performed with a commercially available system (Aplio Artida; Toshiba Medical Systems, Tokyo, Japan). The left ventricle (LV) hemodynamics was monitored with a catheter inserted into the LV via the apical dimple. The histological assessment was carried out according to a standard protocol.
Cardiac Oxygen Consumption
In vivo measurement of myocardial oxygen consumption was performed using a positron emission tomography (PET) scanner (Headtome-V SET2400W; Shimadzu, Kyoto, Japan) after a bolus injection of 370 MBq 11 C acetate ( Figure S3 , SDC, http://links.lww.com/TP/B613). The animals were sedated by propofol infusion (5 mL/h) and with 1% isoflurane inhalation, and were positioned in a whole-body PET scanner at the PET Molecular Imaging Center of Osaka University Graduate School of Medicine. A 15-min transmission scan was performed to correct emission images for photon attenuation. Immediately after the transmission scan, 370 MBq of 11 C acetate was administered intravenously, and dynamic PET acquisition was initiated (15 min). The measurements were performed under both rest condition and in a high cardiac work state induced by catecholamine (dobutamine, 20 μg/kg per minute). The PET images were acquired in 30 frames (10 s Â 6, 20 s Â 6, 30 s Â 12, and 60 s Â 6) and reconstructed with the filtered back projection algorithm. The blood pressure and heart rate (HR) were monitored during the scan. To determine the global cardiac oxygen consumption, the acetate clearance rates (myocardial oxidative consumption [k mono ]) of all segments of each measurement were averaged. The cardiac efficiency (CE) was calculated using the concept of work metabolic index according to the formula CE = stroke volume (in mL) Â systolic blood pressure (in mm Hg) Â HR / k mono .
Statistical Analyses
The data are reported as mean ± standard error of mean and were analyzed with the JMP Pro v.12.0 software (SAS Institute, Tokyo, Japan). Differences among the groups were evaluated by the one-way analysis of variance, and the experimental groups were compared at different time points by the 2-way repeated-measures analysis of variance. When a significant effect was detected, we performed Tukey-Kramer post hoc analysis to determine significance for specific comparisons at each time point. The values for different experimental conditions within a group were compared to the baseline by paired t test. Comparisons between groups were performed by unpaired t test. Statistical significance was determined as P < 0.05.
RESULTS
Characteristics of Transplanted Cells and Cell Sheets
The purity of cardiomyocytes in the final iPS-CM culture was~70%, as determined by the flow cytometric detection of cardiac troponin T (cTnT) ( Figure 1A ). Intercellular junctions and adhesive proteins were well preserved in the iPS-CM sheets. Fluorescence immunostaining revealed that the human iPS-CM expressed cTnT ( Figure 1B ) and alphasarcomeric actinin ( Figure 1C ). The purity of SMs was as high as 70% when evaluated via the flow cytometry analysis of the skeletal muscle SC marker cluster of differentiation (CD)56 ( Figure 1E ). Most of the SMs expressed fast-myosin heavy chain ( Figure 1F ) and desmin ( Figure 1G ), determined via fluorescence immunostaining. The MSCs displayed high expression of CD105 surface antigen (average 80%) when evaluated via the flow cytometry analysis ( Figure 1I ), and expressed CD105 ( Figure 1J ) and CD90 ( Figure 1K ) when evaluated via fluorescence immunostaining.
iPS-CM Transplantation Improves Global and Regional Cardiac Functions After MI
Cardiac function was assessed by echocardiogram and the animals with impaired LV systolic function, ie, an LV ejection fraction (LVEF) < 50% 1 month after induction of MI, were assigned to 1 of the 4 experimental groups. Six animals with the LVEF >50% were excluded. During ameroid ring placement, 11 pigs died of hemorrhage or ventricular fibrillation, and 3 died of cardiac arrhythmia in the first month after MI induction. The remaining 29 animals were randomly assigned to the iPS-CM (n = 7), SM (n = 7), MSC (n = 7), and sham (MI only, n = 8) groups. The impairment in systolic function prior to treatment was relatively uniform across the groups (Figure 2A) . We successfully performed the treatments and there was no mortality due to the procedure or otherwise prior to the planed sacrifice.
Global Cardiac Function
To assess the global left ventricular function, we performed cardiac MRI and echocardiography ( Figure 1 and Figure S4 , SDC, http://links.lww.com/TP/B613) 1 month after MI and 2 months after cell transplantation. The LVEF varied across groups; the value increased after cell therapy; however, it decreased in the control group for 2 months after the sham operation ( Figure 2A ). The increase in LVEF was greater in the iPS-CM group than that in the other cell treatment groups (P = 0.08 vs SM group; P = 0.07 vs MSC group), although the difference was not statistically significant. All the groups showed a progressive dilation in the LV end diastolic volume (LVEDV) ( Figure 2B ). However, there was a trend toward attenuation of smaller dilation in the LV end systolic volume (LVESV) in the hearts treated with the iPS-CM when compared with that of other cell types ( Figure 2C) . Moreover, the iPS-CM reduced systolic myocardial wall stress to a greater degree than the other cell types ( Figure 2D ).
Regional Cardiac Function
The effects of iPS-CM therapy were most apparent in the cardiac MRI analysis of regional cardiac function ( Figure 3 and Figure S5 , SDC, http://links.lww.com/TP/B613). The LV wall thickening in the IZ of cell-engrafted hearts increased in the iPS-CM group but not in the SM or MSC group ( Figure 3A) . Although the myocardial wall stress in the noninfarcted region (RZ) was comparable among groups ( Figure S5A , SDC, http://links.lww.com/TP/B613), the hearts that received the iPS-CM showed significant decline in the BZ and IZ ( Figure 3B and Figure S5B , SDC, http://links. lww.com/TP/B613).
Two-dimensional speckle-tracking echocardiography was performed to quantify the regional systolic function (Figure 3 and Figure S6 , SDC, http://links.lww.com/TP/B613). The radial, longitudinal, and transverse strains were used to assess the cardiac wall motion. Two stable and well-defined consecutive cardiac cycles were acquired. The mid-anteroseptal area imaged in the long-axis view was considered as the IZ. The inferior midsegment imaged in the same view was considered as the noninfarcted region (RZ). The peak strain was defined as the highest strain value obtained throughout the cardiac cycle, and it represented the regional systolic function in each segment. The systolic function at the IZ of hearts transplanted with the iPS-CMs improved 1 and 2 months after cell therapy ( Figure 3C and Figure S6A , B, SDC, http://links.lww.com/TP/B613). Myocardial infarction led to a delay in the systolic strain in the injured myocardium, resulting in dyssynchronization between the infarcted and noninfarcted areas. The time to peak radial strain in each of these areas was calculated. The dyssynchrony was evaluated according to time discrepancies between the 2 segments. The dyssynchrony index gradually improved in animals treated with the iPS-CMs but not in the other groups ( Figure 3D) . Thus, the iPS-CM therapy blocks the progression of heart failure, as evidenced by reduced LVESV, improved global LV function (LVEF and global wall stress), increased regional wall motion (peak strain in the IZ), and reduced regional wall stress when compared with those of the treatment with other cell types.
iPS-CM Therapy Improves Myocardial Oxygen Consumption After MI
We investigated whether the functional improvements observed in the iPS-CM group were accompanied by improved oxygen consumption and myocardial bioenergetics. The PET FIGURE 2. Effects of the transplanted induced pluripotent SC-derived cardiomycocytes (iPS-CM), skeletal myoblast (SM), and mesnchymal stem cell sheets on global cardiac function. A-D, Cardiac MRI results (infarcted porcine without cell therapy (n = 8); infarcted porcine receiving iPS-CM sheets (n = 7); infarcted porcine receiving SM sheets (n = 7); infarcted porcine receiving MSC sheets (n = 7). A, left ventricle ejection fraction (LVEF) post infarction; there were no differences in the baseline value among the groups after 1 month. NS, no significant difference. All cell therapy groups showed a similar increase in LVEF 2 months post cell therapy ( # P < 0.05). The LVEF was higher in the hearts with cell therapy when compared with those without cell therapy after 2 months (*P < 0.05). B, LV end diastolic volume was increased in each group relative to the baseline value after 2 months ( # P < 0.05). C, LV end systolic volume in the hearts receiving iPS-CM was lower than that in other cell types at 2 months (*P < 0.05); however, it was increased in the hearts of control animals ( # P < 0.05). D, The iPS-CM therapy alleviated global wall stress when compared with that in the animals transplanted with other cell types and the control group (*P < 0.05).
with radiolabeled 11 C acetate has been used to measure the rate of oxidative metabolism, which is directly related to myocardial oxygen consumption. Evaluating this and cardiac efficacy in conjunction with ventricular performance can provide insight into the effects of cell therapy on the LV function. The measurements were made under rest conditions and elevated cardiac work state induced by catecholamine. The k mono increased in the iPS-CM group as well as in the other cell therapy groups under high cardiac workload ( Figure 4A ), although the change was not statistically significant. On the contrary, the CE improved in the pigs treated with the iPS-CM; however, it was unchanged in the other groups ( Figure 4B ). These data indicate that the iPS-CM therapy improves myocardial bioenergetics.
iPS-CM Therapy Enhances Vasculogenesis in the IZ and BZ
Myocardial infarction caused a significant loss of vascularity, as evidenced by the lack of CD31 positivity in the infarcted hearts of control pigs. To determine whether cell therapy could stimulate angiogenesis and thereby promote tissue repair, we quantified CD31+ vascular structures and arterioles coexpressing CD31 and smooth muscle actin (SMA) 2 months after cell therapy ( Figure 5A-D) . The vascular density (determined as the number of CD31+ vascular structures/mm 2 ) was greater in the cell therapy groups than in the control group in the IZ ( Figure 5E ) and BZ ( Figure S7A , SDC, http://links.lww.com/TP/B613). The ratio of arteriolar capillaries within the vascular structures (ie, SMA+/CD31+ FIGURE 3. Effects of the transplanted induced pluripotent SC-derived cardiomycocytes (iPS-CM), skeletal myoblast (SM), and mesnchymal stem cell sheets on regional cardiac function. A, B, Quantitative assessment of wall thickening and myocardial wall stress in the IZ by cardiac MRI. A, Regional wall thickening in the IZ increased to a greater degree relative to that of the control animals by the iPS-CM therapy when compared with that of the SM and MSC therapies (*P < 0.05). B, Regional myocardial wall stress in the IZ was alleviated by the iPS-CM therapy as compared with that of the other cell therapy groups and controls (*P < 0.05). C, D, Two-dimensional speckle tracking of the transverse strain in the IZ (C) and radial dyssynchrony between the IZ and RZ (D). The transverse strain was improved by the iPS-CM therapy (n = 7) but was aggravated in the SM (n = 7), MSC (n = 7), and control (n = 8) groups ( $ P < 0.05 vs SM group; # P < 0.05 vs MSC group; *P < 0.05 vs control group). Dyssynchrony was defined as a time difference between the anterolateral IZ and posterior RZ segmental peak strain ( # P < 0.05 vs MSC group; *P < 0.05 vs control group). © 2018 Wolters Kluwer vascular structures) was higher in the iPS-CM group than in the control group in the IZ ( Figure 5F ) and BZ ( Figure S7B , SDC, http://links.lww.com/TP/B613). These data suggest that the iPS-CM therapy promotes neovascularization and arteriolar capillary formation.
iPS-CM Therapy Reduces CM Apoptosis
We investigated whether cell transplantation has a cytoprotective effect against tissue injury caused by MI. To assess this possibility, tissue sections from the IZ were immunolabeled for cTnT to identify CMs and were analyzed for the presence of single-strand (ss)DNA, a marker of apoptosis ( Figure 6A-D) . The proportion of cells positive for both ssDNA and cTnT was the highest in the hearts of control animals. Furthermore, the ratio of ssDNA+ to cTnT+ cells was lower in the hearts from the iPS-CM group than that in the hearts from other groups ( Figure 6E) . Thus, the iPS-CM therapy exerts cytoprotective effects by suppressing CM apoptosis in the infarcted area, which may be accompanied by a reduced wall stress and improved systolic function.
DISCUSSION
This study presents several important findings. First, we demonstrated, in an immunosuppressed large animal model of MI, that xenogeneic epicardial transplantation of iPSCMs, SMs, and MSCs improved cardiac function, which was the most apparent with iPS-CM transplantation. Second, although the increase in angiogenesis in the ischemic region was comparable across treatments, the transplantation of iPS-CMs caused a more significant increase in capillary density in these regions than that of the other cell types. This along with the observation that the number of nuclei per CM was unchanged suggests that CM apoptosis was inhibited to a greater degree by the iPS-CMs. Finally, the epicardial iPS-CM transplantation with bioengineered cell sheets reduced wall stress in both the whole heart and the ischemic region; this was associated with the preservation of cardiac energy, as determined by cardiac oxygen consumption.
During MI, structural and functional abnormalities occur in the BZ and IZ. The surviving BZ myocytes then spread to the surrounding regions of healthy myocardium until the entire LV is impaired, 13 with a resultant increase in wall stress. The iPS-CM transplantation reduced global and regional LV wall stress in control animals. There was also a trend toward lower LVESV in the iPS-CM group although the values were similar across the groups. In the present study, with the iPS-CMs therapy, the regional functional recovery and dyssynchoronity recovery in the infarcted area were better than those with the SM and MSC therapies. The physiology underlying the improvement in systolic function was not clear in the present study because we did not find histological evidence of cell-cell contacts between the graft and host myocytes. One reason why the transplanted CMs were not detected in this study is the poor survival rate of transplanted cells. It has been previously reported that the transplanted CMs have a survival rate of~15%.
14 Cell loss may result from physical strain after transplantation, hypoxia, or cell washout through the vascular or lymphatic system. Recent studies have shown promising approaches to improve the survival of cells transplanted into damaged hearts. For instance, to prevent starvation due to hypoxia and nutrient deficiency, cells have been transplanted along with the omentum flap. 15 The iPS-CMs have also been cotransplanted with the iPS-derived vascular cells, which form new capillaries between the grafts and host myocardium. 16 Additionally, the major histocompatibility complex-matched iPS cells do not elicit a host immune response. 17 Although we did not observe robust retention of transplanted cells in this study, the iPS-CMs as well as SMs and MSCs improved systolic function. The beneficial effects of cell transplantation on cardiac function have been attributed to paracrine signaling mechanisms that inhibit CM apoptosis, 18 modulate inflammation, 19 and promote angiogenesis. 20 In the present study, the capacity of iPS-CMs, SMs, and MSC to release cardiac protective factors, such as vascular endothelial growth factor (VEGF), stromal derived factor-1 (SDF-1), and insulin-like growth factor-1 (IGF-1) was investigated in vitro. The analysis of conditioned medium of iPS-CMs, SMs, and MSC cultures by the enzyme-linked immunosorbent assay revealed that the concentration of SDF-1, VEGF, and IGF-1 was not significantly different among the cell types ( Figure S8 , SDC, http://links.lww.com/TP/B613). This indicates the paracrine effect of the iPS-CMs and other somatic cell therapies. The results of histological analyses revealed that the hearts transplanted with the iPS-CMs showed increased vasculogenesis and decreased apoptosis when compared with the other cell types. The reason for this disparity is not clear. However, it may be related to VEGF and insulinlike growth factor-1 secretion, which was stimulated by the iPS-CMs, but not by other cell types, when the cells were cultured under hypoxic conditions and subjected to cyclic mechanical stretch, as previously reported. 21 It is not known how the impairment in cardiac bioenergetics contributes to cardiac dysfunction. Using radiolabeled C-11 acetate to noninvasively monitor myocardial kinetics by PET, 22, 23 we observed a reduction in myocardial oxygen consumption in control hearts that was reversed by the treatment with iPS-CMs, and was accompanied by an improvement in contractile function. This increase in cardiac bioenergetic efficacy is in agreement with the findings of earlier studies, which reported that the factors responsible for myocyte overstretch and increased wall stress also caused a decline in contractile function 24 and that targeting these factors improves myocardial ATP hydrolysis/synthesis in the infarcted area. 16 The in vivo mechanisms may involve multiple signaling pathways that interact to modulate the balance between energy demand and supply in order to maintain contractility. 25 Such mechanisms may increase the capillary density along with myocyte nuclear density, which could maintain the capillary-to-myocyte ratio in the hearts treated with the iPS-CMs, but not in those treated with the SMs and MSCs, thereby providing oxygen to the damaged tissue. Further studies are needed to identify the molecular pathways involved in the beneficial effects of iPS-CM cell transplantation on cardiac bioenergetics.
The present study and the findings of previous studies demonstrate that the CMs are a suitable for cell-based therapy. The iPS can be induced to differentiate into CMs in vitro; however, purifying the latter from a heterogeneous cell population remains a challenge. 26 The rate of CM differentiation was about 65% with our protocol. In a mixed cell population, CM survival can be promoted and the quality of CM bioproducts enhanced by noncardiac cells (eg, fibroblasts). 27, 28 There are always safety concerns, especially regarding the potential tumorigenicity of SC transplantation. To evaluate its capacity to divide in the cell sheet, we investigated Ki-67 expression that is correlated with cell proliferation and is a prognostic marker of various cancers. A few cells were expressed in the iPS-CM sheet as well as in the SM and MSC sheets (data not shown). These results are consistent with the findings of a previous study, which reported that the cell-cell contacts inhibit the proliferation of cultured cells. 29 The relationship between the iPS-CM differentiation level and the engraftment after cell transplantation was investigated using immunodeficient mice. 30 This study reported that iPS-CMs purified on day 20 from the initiation of differentiation had a high engraftment rate than those purified on day 8 of day 30. These results suggest that further investigations are warranted to explore the optimal differentiation stage (neither too immature nor too close to mature) to enhance engraftment rate and maximize the therapeutic efficacy. A limitation of the present study is that we used different species for the transplanted human cells and the recipient animals. Interspecies differences may influence the survival rate of transplanted human iPS-CMs, SMs, and MSCs, although we used a combination of 3 immunosuppressive agents after cell transplantation.
In this study, the transplantation of iPS-CMs, SMs, and MSCs improved global contractility. However, the regional functioning was improved to a greater extent by the treatment with iPS-CMs when compared with that of the treatment with SMs and MSCs, even with limited cell engraftment 2 months after treatment, suggesting that the iPS-CMs stimulated neovasculogenesis, and exhibited cytoprotective effects. Our findings indicate that the iPS-CM transplantation is an effective therapeutic approach for repairing severely damaged myocardium.
